Abstract APUAMA is a free software designed to determine the reaction rate and thermodynamic properties of chemical species of a reagent system. With data from electronic structure calculations, the APUAMA determine the rate constant with tunneling correction, such as Wigner, Eckart and small curvature, and also, include the rovibrational level of diatomic molecules. The results are presented in the form of Arrhenius-Kooij form, for the reaction rate, and the thermodynamic properties are written down in the polynomial form. The word APUAMA means "fast" in Tupi-Guarani Brazilian language, then the code calculates the reaction rate on a simple and intuitive graphic interface, the form fast and practical. As program output, there are several ASCII files with tabulated information for rate constant, rovibrational levels, energy barriers and enthalpy of reaction, Arrhenius-Kooij coefficient, and also, the option to the User save all graphics in BMP format.
Introduction
Knowledge of the thermodynamic properties of chemical species and the rate with all the species reacts is of fundamental importance for studies such as combustion processes; the atmosphere for greenhouse effect, acid rain, ozone layer, pollution, interstellar space compositions; gas phase during the growth of CVD (chemical vapour deposition) thin films and others applications. In all these applications, the acknowledgement of the constant rate is essential to know the speed with which they occur, or the change of the concentrations of the reagents and products as function of time, that is related with the rate constant and temperature. With this idea in mind Barreto et al. [1] developed a very simple code, based in transition state theory [2] , to calculate the rate constant with only the Wigner tunneling correction [3] . Posterioly, this code was improved [4] to include the minimum energy path (MEP) and the Eckart tunneling correction [5] . The first two version [1, 4] were written in Fortran programming language, while the APUAMA is written in C++ programming language.
For all calcutation, it is necessary to know the geometries, energies and vibrational frequencies of reactants, products and saddle point (transition structure), which are previously obtained via electronic structure calculations, using specific programs for this purpose, such as GAUSSIAN [6] , Molpro [7] , Gamess [8] , Molcas [9] , Dalton [10] and others. The quality of the final results will be related with the quality of the input data from electronic structure calculations.
The input data must be put in a pre defined form for reactant, transition state and products, and define the reaction with the energy of reactant and products. The APUAMA will determine the rate constant with the tunnelling correction of Wigner [3] and Eckart [5] transmission coefficient and small curvature correction [5] . The rate constant is written down in the form of Arrhenius-Kooij [11] . For diatomic species, it is, also, possible to include the rovibrational energy, as proposed by Dunham method [12] , and calculated the spectroscopy properties, that are printed out and the energy level are saved in a formatted ASCII file.
As a proposal to be a quick and practical program, we can compare APUAMA with other software that also calculate reaction rate for uni/bimolecular, such as POLYRATE [13] , TheRate [14] and KiSThelP [15] . POLYRATE is the most advanced and powerful program for rate calculation, written in Fortran, with different types of tunnelling corrections and others capabilities, and it has not graphical interface. The KiSThelP [15] is more similar to our program, written in Java language, where it calculates rate constant using the Wigner and Eckart tunnelling corrections and the thermodynamic properties (enthalpy, entropy and heat capacity) at given temperature, while APUAMA calculated the thermodynamic properties in a wide range of temperature (50-6000 K) and write down in the polynomial NASA form [16, 17] . APUAMA is written in C++, the rate constant includes the tunnelling correction of Wigner, Eckart and small curvature, while for diatomic species the calculation the rovibrational spectrum, also, can be done.
The paper is organized as follows, in "TST -transition state theory" are given the theory behind the APUAMA, while the main features of the program are presented and discussed in "Features of APUAMA", several example are presented and discused in "Results" and conclusions are following in "Conclusions".
TST -transition state theory
APUAMA was developed using the transition structure theory (TST) [2] , where it is assumed to have a structure, not stable, with minimum energy between reactant and products, and we have a treatment more statistical than collisional for the reaction.
Considering the bimolecular reaction between A and BC, where A and BC could be atoms or molecules given by:
We define an intermediate structure, in a condition of "nearly balanced" minimum energy between reagents and products, which is usually called transition structure. The potential energy V of a reaction system depends on the relative positions of A, B and C, the interatomic distances specified R AB , R BC and interatomic angle θ ABC . For large values of R BC , there is no interaction between A and BC, and the cross section in this region corresponds to the potential energy curve for BC molecule, which is shown in the Fig. 1 . 
When k B is the Boltzmann's constant, h Planck's constant, T temperature, Q X ‡ is the partition function of TS (transition structure), Q A and Q BC the partition function of reactants A and BC, respective, V G ‡ a energy barrier. The partition function for all species is given by the product of the partition function of translation (Q trans ), rotation (Q rot ), vibration (Q vib ) and electronic (Q elet ) as function of temperature and are given by Table 1 . The translation partition function (Q trans ) depends only of the mass of the system m, has three degree of freedom, it is the only partition function that has unit (m 3 ) and order of magnitude around 10 33 . The rotational partition function could have two degree of freedom for linear molecule, and three degree of freedom for nonlinear molecule and is dimensionless, it depends of the moment of inertia I or product of inertia I m for linear or nonlinear molecule, respectively, and, also, the external symmetry σ , and it is around 1 − 10 3 order of magnitude. The vibrational partition function (Q vib ) has 3N − 5 or 3N − 6 degrees of freedom for linear molecule and nonlinear molecule, respectively, where N is the number of atoms in the molecules, it depends of the vibrational frequencies ν i and degeneracy g i , the order of magnitude depends of the number of degree of freedom (m) and is around 1 − 10 m . The electronic partition function depends on the electronic energy level ε i and degeneracy g i . The transition structure has one vibrational degree of freedom less, corresponding Vibration to the reaction coordinate, in this way, the number of vibrational degrees of freedom will be m = 3N − 6 or m = 3N − 7 for linear and nonlinear molecules, respectively.
MEP -minimum energy path
APUAMA calculates the MEP according to the D G.Truhlar [5] the minimum energy path it is defined by:
In these equations, s is the distance between the transition structure along the shortest path energy reaction, ω ‡ is the frequency of the saddle point (imaginary frequency), μ is the reduced mass, V ‡ is the classical barrier height, V MEP (s) is the classical energy (also called potential BornOppenheimer) along the energy path and is set equal to zero at the reactant, V ‡G a is the zero-point energy barrier corrected in the saddle point, relative to the reactants, ε G int (s = −∞) is the sum of the zero point energy of the reactants
Arrhenius
The rate constant is written down in the of Arrhenius-Kooij form [11] that is widely used in the construction of kinetic mechanisms, such as those used in combustion and/or to describe the gas phase during the growth of films from CVD processes, as previously mentioned. Kinetic codes, such as, Chemkin [18] or Comsol [19] , uses the rate constant in the Arrhenius [20] form:
Or Arrhenius-Kooij form [11] , given by the equation:
Where A is called pre-exponential factor or factor A and E a is the reaction activation energy, T temperature and n temperature factor. The activation energy for most of the reactions is positive and comes from the fact that the reactants must overcome an energy barrier where its valence electrons are rearranged to form products. As the Arrhenius form is, (14) , usually, valid for a restrict range of temperature, because it does not reproduce the curvature of the data, we decide to use the Arrhenius-Kooij form, (15) , with the inclusion of the term of T n we can use to an ample range of temperature, and the curvature of the rate constant could be reproduced.
Correction of tunnelling
Often, in addition to calculating the conventional reaction rate, it is necessary to take into account the tunnelling effects, which is due to wave treatment of subatomic particles of quantum mechanics. This effect provides a probability of a particle with lower energy barrier to penetrate or tunnelling potential barrier. Within the context of classical mechanics this phenomenon is impossible. The corrected by tunnelling reaction rate is given by:
Where X can be one of three tunnelling effects used here, such as Wigner, Eckart and small curvature. These effects become more critical for low temperature reactions involving hydrogen atoms and small skew angles, in such a way that facilitates the movement of electrons of the reactants to the product. The skew angle [2] measure the constraint on the curvature of the reaction path and is given by:
where m A , m B and m C are the masses of the A, B and C moieties, respectively, for the schematic reaction shown by reaction R1 or Eq. 1. Large reaction-path curvature is often encountered in the tunnelling region in system with small skew angles.
Wigner's transmission coefficient
The Wigner's tunnelling correction [3] , assumes a parabolic potential for nuclear movement, near the transition structure. This is not the best correction to be made, because it depends only on the imaginary frequency of the transition structure and does not take into account the reaction coordinate. The Wigner transmission coefficient is given by:
Eckart's transmission coefficient
The correction is obtained as the ratio of the quantum and classic reaction coefficient calculated by integrating the respective probability of transmission over all possible energy [5] :
Where Γ (E) is the transmission probability given by:
Where A, B, a and b is given by Eqs. 4, 5, 10 and 11, respectively.
Small curvature tunnelling
The tunnelling correction for variational CVT (canonical variational transition state theory) along the reaction coordinate s is approximated as the ratio of the thermal multi-dimensional average of the ground state of the transmission probability, the average probability of transmitting the classical ground state, given by the following equation [5] :
Where
With
s > and s < are the points on the classical curve of the reaction coordinate, μ(s) is the reduced mass of the system, and the other variables and functions have already been describe before.
Spectrum rovibrational
In a molecular systems, it is common to find vibrational and/or rotational movements, which generate an increase in the total energy. To determine these rovibrational spectra, it should be necessary to solve the equation of Schrödinger, we have used the method proposed by the Dunham [12] , where the diatomic PEC (potential energy curve) is expanded in a series of powers, and the energy levels equation is written as:
the first index under Y refers to the vibrational quantum number, the second one to the rotational quantum number, the first three Y kl can be calculate as: Table 2 .
Once known the potential energy curve of a diatomic system, it is possible to calculate all rovibrational spectrum and their spectroscopic constants, according to Table 2 .
Thermodynamic properties
The thermodymanic properties can be written as function of the partition function (Table 1) as:
The others thermodynamic properties such as enthalpy, H , Gibbs free energy, G, free energy of Helmholtz, A, and 
The main properties, heat capacity c p , enthalpy, H , and entropy, S, as suggested by Gordon and McBright [16, 17] will be written in the polynomial form as function of temperature. For seven coefficient − old NASA type [16] , we have:
The new NASA type [17] , with nine coefficient are given by: 
Features of APUAMA
APUAMA was developed with the purpose of calculating the reaction rate in a fast and intuitive way, being a small and optimized program that can be executed in machines of low power, offering support for computers with operating systems such as Linux or Windows. Our program has a simple graphic interface with several buttons/menus, they can give access to read the input data, run the code, write the output data or salve the figures generated. One of the buttons is an example how to write the input files for reactant/products, transition state, reaction and the potential energy surface of For the reactant, product or TS file, in the first line should have the name of the specie, number of atoms, number of frequencies, species type (1 for atom, 2 for linear or 3 for nonlinear molecule) and number of external symmetry. In the subsequent lines the coordinates, it should contain the mass, in uma, and the (x, y, z) coordinate of each atom of the molecule, inÅ, each atom in different line. In the next line the total energy, in hartree, following by the frequencies, in cm −1 , each frequency in different line. In the case of the transition state, that has one negative frequency, it should be write in the same line as the energy. The reaction file gives the names of reactantes, products, total energy of reactants and produtcs, that is followed that the length of the MEP desired. It is well known that the ab initio calculation can overestimate the frequencies, so in the reaction file it is possible to enter our own correction factor for the vibration, and it is the last data in the reaction file.
In the case of reaction with diatomic molecules, it is possible to determine to rovibracional energy and spectrocopy properties, as described in "Spectrum rovibrational". We use the Generalized Rydberg potential function of fifth degree [22] :
where D e , a i , R eq and E ref are the parameters to be given.
After entering with the data for reagents, TS, products and reaction, the program will be able to calculate the rate and the thermodynamic properties. The data will be, automatically, displayed on the screen, as seen in Fig. 3 . It shows the reaction Cl+HF = H+FCl, the first block defines the reactants, the second one the TS, the third one the product, in each one is defined the species, number of atoms, number of frequencies, type of molecule, external symmetry and energy, and the last block shows the reaction path, [26] , Marshall [27] , Garrett [28] and Espinosa-Garcia [29] , respectively and E, F, G and I are experimental results from Marshall [30] , Hack [31] , Michael [32] and Ko [33] , respectively and with the data from the POLYRATE program [13] , considering TST, TST/W, TST with zero curvature tunneling (minimum-energy-path semiclassical adiabatic ground-state method − TST/MEPSAG), canonical variational transition state theory (CVT) and also CVT with zero curvature tunneling (CVT/ZCT): a Rate constant via APUAMA, b Rate constant with reference data which is the order of the species and the total energy of the system. During the calculation this screen can be display again by pressing the button "Check Input".
The rate constant and thermodynamic properties is calculated in the "Calculate" or "Thermodynamic Properties" menu, respectively. If the input files are correct, a folder with the name of the TS will be created and the output data and/or figures will be saved in this new directory. In the case of rate constant, there is four kind of results, rate constant, MEP, Barries and Arrhenius, as shown in Fig. 4a . The rate constant is displayed in Fig. 4b , with all the tunnelling corrections. The figure could be saved as image file and the data is save in a ASCII file, that could be used in other programs.
The "Thermodynamic Properties" menu will show on the screen the graphs for enthalpy, entropy and heat capacity of each species, as shown in Fig. 5 the entropy of H, Cl, HF and FCl.
Usually the most important information about the thermodynamic properties are the coefficient of the polynomial expression of heat capacity. APUAMA gives the set of seven ("old"−NASA type) and nine coefficient ("new"−NASA type) in two range of temperature of 200-1000 K and 1000-6000 K.
With appropriated data of reagents or products, when necessary, the rovibrational levels and spectroscopy properties can be determined and used to calculated the rate constant. For this we enter with the values of the potential energy curve, previously calculated, according Eq. 46 and insert the level ν for the vibration and J for rotation, Fig. 6a . Each rovibrational level that we wish to include must be associated with only one species, for example: for the reaction HF + Cl = H + FCl, we must enter the data of the potential energy curve for HF, and then another set of data for FCl. Then we can check the table with all these levels, Fig. 6b , where each element of the table (ν, J ) is an energy level. We can also verify the spectroscopic constants for each species, Fig. 7 .
Results
To test the APUAMA, we calculated the reaction rate calculations for several systems, and when possible, compared then with experimental data. Up to now, we have test it for unimolecular and bimolecular reaction with systems with from three to twelve atoms, but there is no limit for the number of atoms we can use. To exemplify the capacity of the program two system will be presented, the first one will be a very known system, that we had used before [1] , NH 3 + H = NH 2 + H 2 that has a number of experimental and theoretical reference data we can use to compare. The second one will be the reaction HF+Cl = H+FCl where we can exemplify the use of the rovibrational level for reactant and products.
The geometry, frequencies and energy for this system we have presented before [1] and will use here to exemplify the new code. Figure 8a presented the rate constant as it comes from the code, while Fig. 8b compared the rate constant obtained via the old version of the code [1] , with theoretical and experimental reference data, and also, with results from POLYRATE program [13] . The data for the rate constant is used in other graphic program and compared with reference data. The goal with this example is to show the capability of the code.
The next example, is the reaction of HF + Cl = H + FCl that can include rovibrational levels in both the reagent and the product. The reactant, product and TS for this reaction were optimized using Gaussian09 [23] code in MP2/aug-cc-pVTZ method and the energy were determined at CCSD(T)/aug-cc-pVQZ. The geometry parameters and frequencies for theses species will not be presented here. The frequency correction factor used here was 0.997630.
The thermodynamic properties were calculated and presented in Fig. 9 . This figure compared the enthalpy and heat capacity for H, Cl, HF and FCl, while the entropy was shown before, in Fig. 5 .
In Table 3 the thermodynamic coefficient are given for the HF + Cl = H + FCl system, in the "old-" and "new-"NASA form coefficient.
In the "Calculation" menu, Fig. 4a is possible to get all the important information about the reaction, as the reaction rate, Fig. 4b , the summary of energies, as barriers in the forward and reverse direction, with the zero point energy Fig. 10a , and also, the summary of the Arrhenius-Kooij parameters, (15) , Fig. 10b .
This reaction has a heat of formation of 68.34 kcal mol −1 , with barrier in the forward direction of 79.27 kcal mol −1 and in the reverse direction of 10.80 kcal mol −1 . A level (4, 0) in the reactant means a reduction of 1.16 kcal mol −1 in the forward direction barrier, while a level of (5, 5) in the products means a reduction of 1.62 kcal mol −1 in the reverse direction barrier, because the rovibrational energy of HF is much higher than the FCl, so lower pair of (ν, J ) could give higher energy. Figure 11 level (ν, J ) = (5, 5) . The rate constant are compared with the reference data of Garrett and Truhlar [24] .
Conclusions
Our goal with APUAMA was to develop a simple selfexplanatory, easy-to-use graphical interface code and quick results for the determination of the reaction rate for general systems and to calculated thermodynamic properties. The developed code allows to calculate the rate of bimolecular and unimolecular systems, taking into account rovibrational levels of diatomic species, since the potential energy curve is specified a priori. The code presented was tested in all capability for small systems 3 and 4 atoms, regarding the calculation of the rovibrational levels. For large systems up to 12 atoms, the code was tested calculating the rate constant and thermodynamic properties, however it is not limited by the number of atoms that can be used. It is easy and fast to use, does not need a very elaborated manual and could run on Windows or Linux computer. The code will be available free of charge upon user request.
We tested APUAMA in an intermediary computer with an Intel Core i5-4670s processor clocked at @ 3.10GHz, and 8Gb of RAM to check the runtime. Comparing the times (in milliseconds) of execution with several calculations, it can be observed that, independently of the number of atoms, the program performs almost in constant time the calculations for the thermodynamic properties and for the reaction rate, with an average time of 2.47 and 51.39 ms, respectively.
